Significant differences occur in the levels and types of aliphatic glucosinolates in leaves of plants of four Brassica oleracea populations in Dorset. Plants in grassland at St Aldhelm's Head and Winspit have high levels of 3-butenyl glucosinolate, whereas plants of an adjacent population growing on and along the top of cliffs at Kimmeridge have low levels of 2-hydroxy-3-butenyl, 2-propenyl and methylsuiphinylalkyl glucosinolates. Plants growing in a variable habitat at Worbarrow Tout have intermediate levels. The differences in occurrence of individual glucosinolates result from allelic variation at four loci. The level of total aliphatic glucosinolates is under more complex genetic control, but is shown to be highly heritable. Allele frequencies at isozyme loci indicate that genetic variation for glucosinolate production is unlikely to have arisen or to be maintained by founder effects or genetic drift. It is suggested that there is selection for high levels of butenyl glucosinolates at St Aldhelm's Head and Winspit because of grazing by generalist herbivores, whereas there is selection for low levels of 2-hydroxy-3-butenyl and other non-butenyl aliphatic glucosinolates at Kimmeridge because of two factors. First, plants effectively escape from generalist herbivores because of physical aspects of the habitat and association with other plant species which provide physical and chemical defences. Thus there is selection for individuals which do not carry the hypothetical metabolic costs of glucosinolate biosynthesis. Secondly, herbivory by specialist cruciferous insects at Kimmeridge, which is enhanced because of the local abundance of B. nigra, selects for individuals which have low levels of 2-hydroxy-3-butenyl glucosinolates.
Introduction
Plant secondary metabolites are widely regarded as being an important component of defence mechanisms against herbivoiy. Variation in secondary metabolites in natural plant populations may therefore indicate current and historical patterns of herbivore activity, and provide insights into the selective forces acting within and between plant populations.
While secondary metabolites may provide effective defence against generalist herbivores, investment in these metabolites incurs two major costs. First, it is likely that there are significant metabolic costs associated with the biosynthesis and mainte-*Correspondence nance of secondary metabolites and associated specialized structures. Secondly, many secondary metabolites attract and stimulate feeding behaviour of insect herbivores which have become specialists on taxa which contain the particular metabolite.
There are, therefore, contrasting selection pressures on secondary metabolism, and the metabolite composition will be a result of the interaction of these different selective pressures and random genetic effects. Insufficient understanding of the genetic basis of secondary metabolite biosynthesis has limited studies on the ecological genetics of secondary metabolism.
Glucosinolates are secondary metabolites which occur in the Capparales and a few unrelated taxa. The molecule comprises a common glycone moiety . Addition of a f-hydroxy group (c) results in spontaneous cyclization of the isothiocyanate to 5-vinyloxazolidine-2-thione (d), which is nonvolatile. The side chain structure is controlled by alleles at two loci which regulate side chain length (pro and elong) and three loci which regulate side chain structure (suip, alk and oh).
and a variable aglycone side chain, which is derived from amino acids (Fig. 1) . Glucosinolates with an aliphatic side chain are derived from methionine, those with a indole side chain from tryptophan and those with an aromatic side chain from phenylalanine. Aliphatic glucosinolates are the most abundant class of glucosinolates in leaves of Brassica and certain other cruciferous genera. Following tissue damage, aliphatic glucosinolates undergo hydrolysis catalysed by the endogenous enzyme myrosinase and produce an array of products, of which isothiocyanates ('mustard oils') are the most prominent under
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CsL-elong
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Propyls
Butyls ambient conditions of temperature and pH. If the aliphatic side chain contains a JJ-hydroxy group, the isothiocyanate spontaneously cyclizes to produce the corresponding oxazolidine-2-thione ( Fig. 1) .
Glucosinolates have been shown to mediate herbivore interactions. They reduce palatability of leaf tissue to generalist herbivores, such as birds, molluscs and generalist insects (Chew, 1988; Glen et a!., 1990; Louda & Mole, 1991; Mithen, 1992 , Giamoustans & Mithen, 1995 , and attract and stimulate feeding and egg laying by insects which feed specifically on crucifers, such as flea beetles (Hicks, 1974; Chew, 1988; Louda & Mole, 1991; Simmonds et al., 1994; Giamoustaris & Mithen, 1995) . Both the total level of aliphatic glucosinolates and the side chain structure are important in mediating these interactions.
Several recent studies have begun to elucidate the genetic basis of biosynthesis of aliphatic glucosinolates (Magrath et al., 1993 (Magrath et al., , 1994 Parkin et a!., 1994; Mithen et al., 1995) and have shown that variation in side chain structure is under simple genetic control (Fig.1 ). Geographical and ecological variation in aliphatic glucosinolate composition has been described in Brassica (Mithen et al., 1987) , Cakile edentula (Rodman, 1980) , Arabidopsis thaliana (Bano, 1993; Mithen et al., 1995) and Cardamine cordifolia (Rodman & Chew, 1980 and seedlings are found in autumn (Mitchell & Richards, 1979) . Casual observation suggests that seedling establishment is a rare event, although no detailed data are available. As an initial study into herbivory and its consequences for the genetic structure of wild Brassica populations, we have characterized the glucosinolate profiles and contents of four populations in an 11 km stretch of coastline in Dorset ( Fig. 2 ) and compared this variation with that at isozyme loci.
Materials and methods

Plant habitats and sampling sites
Plants were sampled from four populations (Fig. 2 The differences in the composition of the plant communities may result partially from the variation in the underlying geology and soils (Fig. 2) phoglucosinolates and analysed by HPLC as described by Magrath et al. (1994) . Seeds from several plants at Worbarrow A and B, Kimmeridge A, St Aidheim's Head C and Winspit A were collected. Ten plants from each accession were grown in a glasshouse under standard conditions in John Innes no. 1 compost. When the plants had five true leaves, the leaves from each family were harvested and bulked together. Glucosinolates were extracted and analysed from the leaves as described above.
Isozymes
Plants for isozyme analysis were sampled from Winspit, St Aidheim's Head and Kimmeridge. No collections were made from Worbarrow as access is restricted and sampling could not be undertaken during the short period when good quality extracts can be made (see below). At both Winspit and St Aidheim's Head 120 samples were taken from the full range of subpopulations indicated above. At Kimmeridge 60 plants were collected from sites B-E.
Isozymes were extracted from 500 mg of fresh young tissue in 2 mL of buffer (0.1 M Tris-HCI, pH 7.0, 4 per cent polyvinylpyrrolidone, 0.1 per cent mercaptoethanol and 2 per cent caffeine) by the method of Raybould et a!. (1991) . Satisfactory results were only obtained from young, actively growing tissue collected following periods of wet weather in the spring and early summer. At other times activity and/or resolution of isozymes was poor. Fifteen isozyme systems were assayed on both the acrylamide and starch gel systems described by Raybould et al. (1991) . Of these, only acid phosphatase (AcPH), phosphoglucose isomerase (PGI) and shikimic acid dehydrogenase (ShDH) gave consistently interpretable results, each providing a single polymorphic locus. Attempts to improve the resolution of other systems by modifications to the extraction buffer to reduce the interfering action of polyphenol oxidase were unsuccessful.
Analysis of genetic structure Isozyme data were analysed by FSTAT (Goudet, 1995) , a program which calculates unbiased estimators of Wright's (1943) F-statistics (Weir & Cockerham, 1984) . F1 was derived for each population and used as the measure of inbreeding (F) when calculating the allele and genotype frequencies at the glucosinolate loci (as heterozygotes are not possible to identify unequivocally). Frequencies were estimated from Wright's (1921) formulae which correct Hardy-Weinberg proportions for inbreeding. If the null allele (-) frequency is q and the functional allele (+) frequency isp = l-q, then genotype proportions are given by: with n1 and n0 being the number of loci in the estimates of FST across the isozyme and glucosinolate loci, respectively (Bailey, 1959) .
Pairwise FST values between each population at both isozyme and glucosinolate loci were also obtained and the difference tested in the same way as for the over all population estimates.
Results
There were no significant differences in the levels of aliphatic glucosinolates in leaves of plants collected from the same site at different harvest times, but there were significant differences between sites (Table 1) There were also differences in the occurrence of individual aliphatic glucosinolates (Fig. 3, Table 2 ). All the plants from St Aidheim's and Winspit had predominantly butenyl glucosinolate. Twenty-one per cent of the plants also had low levels of propenyl glucosinolates (<16 per cent of total aliphatic glucosinolates) and two plants (one from site A and one from site B) had 2-hydroxy-3-butenyl glucosinolate (53 per cent and 58 per cent hydroxylation of butenyl glucosinolate, respectively). Plants from Worbarrow and the majority of plants from Kimmeridge had one of two profiles, either 2-hydroxy-3-butenyl, 2-propenyl and 3-butenyl glucosinolates, or these glucosinolates with the addition of 3-methylsuiphi-4 56 DIVERGENT SELECTION IN WILD BRASSICA POPULATIONS 477 Fig. 3 HPLC chromatograms of desuiphoglucosinolates. 1, 3-methylsulphinylpropyl; 2, 2-hydroxy-3-butenyl; 3, 4-methylsulphinylbutyl; 4, 2-propenyl; 5, 3-butenyl; 6, 3-methylthiopropyl; 7, benzyl (internal standard); 8, 3-indolylmethyl; 9, 1-methoxy-3-indolylmethyl.
nyipropyl and 4-methylsuiphinylbutyl glucosinolate (Table 2) . Two plants from Kimmeridge lacked butyl derivatives.
The occurrence of these glucosinolates can be interpreted as being the result of variation in allele frequencies at four loci, two regulating side chain length (Gsl-pro and Gsl-elong) and two regulating side chain structure (Gsl-alk and Gsl-oh) (Fig.1 , or genetic factors, plants from seed collected from individuals at different sites were grown under controlled conditions. There was a correlation between the levels of aliphatic glucosinolates in field-collected leaves and in leaves of glasshouse-grown plants, despite the absolute level being lower in glasshouse-grown material (r = 0.83, Fig. 4 ). However, the levels in glasshouse-grown plants from the two collecting sites at Worbarrow were not closely correlated with the levels found in field-collected leaves of the parental plants. The presence and ratio of individual glucosinolates were similar to those found in the parental field-collected leaves.
The levels of indole glucosinolates were also analysed in the leaf material. Leaves collected in June had lower levels of indole glucosinolates than leaves collected in August or December (Table 3) . There were no consistent differences in the levels of indole glucosinolates between the four populations. Leaves from St Aidheim's site C had low levels and those from Kimmeridge site D had high levels.
When grown in the glasshouse, there were no significant differences in the levels of indole glucosinolates between plants from any of the five sites from the four populations investigated (Table 3 ). ThereThe Genetical Society of Great Britain, Herediiy, 75, 472-484.
allele at the elong locus is present. Winspit. Brassica nigra possessed only propenyl glucosinolate.
To investigate whether the differences in aliphatic glucosinolate content resulted from environmental fore, the variation in indole glucosinolates appears to result from environmental effects, in contrast to the variation in aliphatic glucosinolates.
Population differentiation at isozyme and glucosinolate control loci Three isozyme systems each provided a single polymorphic locus for analysis of the genetic structure of the Brassica populations. AcPH gave three zones of activity on acrylamide gels. Closest to the origin was a broad diffuse area of staining probably representing the overlapping products of several loci. The second zone gave sharp bands with apparently double-and single-banded phenotypes, however the staining intensity was too weak to allow reliable interpretation. The third zone (designated AcPH3) gave clear single-or triple-banded phenotypes and was interpreted as representing a single triallelic locus coding for a dimeric enzyme. This corresponds to a locus in cultivated Brassica (Wills & Wiseman, 1980 ).
ShDH gave a single area of activity on acrylamide gels with single-, double-or triple-banded phenotypes. As ShDH codes for a monomeric enzyme ) the best explanation was that two loci were detected, the faster ShDI-12 being diallelic with two functional alleles, whilst the slower
ShDH1 was diallelic with a single functional allele and a null allele. Only ShDH2 is considered here. PGI was resolved on starch gels and two zones of activity were obtained. The more anodal was monomorphic, but the other zone (PGI1) clearly represented the products of a triallelic locus coding for a dimeric enzyme. This is consistent with PGI in cultivated Brassica (for example Arus & Orton, 1983) .
The isozyme data were analysed by FSTAT to give an over all loci estimate of nonrandon mating within the populations (F1). For the glucosinolate loci, allele frequencies were estimated from the frequency of the null homozygous genotype (Table  2) and corrected for inbreeding with Fis for the appropriate population derived from the isozyme data. The mean F15 was used to calculate allele frequencies at Worbarrow. I = number of plants used for isozyme analyses, G = number of plants used for glucosinolate analyses.
Values of FST were tested against FST = 0 (the null hypothesis indicating no genetic differences between populations) with the use of a t-test: *P = 0.05-0.01; **= 0.01-0.001; ***p<Øfl Values of FST were tested against FST 0 (the null hypothesis indicating no genetic differences between populations) with the use of t-tests: *p = 0.05-0.01; = 0.01-0.001; ***p<jJ FST for isozymes (FSTI) was also tested against FST for glucosinolates (FSTG).
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the over all glucosinolate loci FST estimate. These results show that there is greater differentiation between the populations in terms of allele frequencies at glucosinolate loci than at isozyme loci. This is confirmed by the significant difference between the all isozyme loci and all glucosinolate loci FST values (t4 = 7.90, P = 0.01-0.001).
To investigate further the differentiation between the populations, FST values were obtained between all pairs of populations for isozyme and glucosinolate loci (Table 5) . At the isozyme loci, FST is low between all pairs of populations and not significantly different from FST = 0, except for between St Aidhelm's Head and Kimmeridge (0.01 <P<0.05). At the glucosinolate loci, some values are large and highly significant, whereas others are low and not significant. Winspit and St Aidheim's Head have very similar allele frequencies at all the glucosinolate loci (Table 4 ) and this is reflected in a low FST value (Table 5 ). The isozyme FST value is not significantly different from the glucosinolate FST value between these two populations. Likewise, FST for glucosinolates is low between Worbarrow and Kimmeridge. Highly significant (P<0.001) FST values are found for all other pairwise comparisons.
These results show that large differences in allele frequencies occur at loci which regulate the occurrence of particular glucosinolates, in contrast to alleles at isozyme loci. This suggests that the differences at the glucosinolate loci are not the product of founder effects or drift but are the result of differential selection occurring at Winspit and St Aidhelm's Head in comparison with Kimmeridge and Worbarrow Discussion Significant genetic differences occur between the populations in both the total levels of aliphatic glucosinolates and the ratio of individual aliphatic glucosinolates. The differences in indole glucosinolates did not have a genetic basis but were caused by seasonal and other environmental variation. Herbivores, pathogens and physical damage are known to induce indole glucosinolates (Koritsas et a!., 1989 (Koritsas et a!., , 1991 Doughty et a!., 1991; Macfarlane Smith et a!. 1991; Bodnaryk, 1992; Birch et a!., 1994) .
The genetic variation in aliphatic glucosinolates may have arisen by chance through a combination of founder effects and genetic drift. To test this hypothesis, isozyme data were analysed to provide an estimation of genetic differentiation between the populations at loci at which variation is assumed to be more or less neutral. The data indicate little dif-
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Three factors suggest that herbivores may be important selective agents in these habitats. First, the importance of glucosinolates in mediating herbivore interactions has been documented (Chew, 1988; Louda & Mole; . Secondly, the variation in aliphatic glucosinolate content is within the range which would have a significant effect on these interactions with both specialist and generalist herbivores (Giamoustaris & Mithen, 1995) . Thirdly, herbivores are widely regarded as having significant effects on plant population dynamics. Differences in the frequencies and types of herbivores which lead to divergent selection may result from differences in the physical aspects of the habitats and the associated plant communities.
Th8 physical environment and herbivor,'
The habitat at Kimmeridge (cliff face and exposed cliff top) suggests that generalist herbivores are likely to be less frequent that at St Aldhelm's Head and Winspit. Mammalian herbivores such as rabbits and other small rodents are not able to feed on plants growing on the near-vertical cliff face, and there is likely to be few molluscs at this site. Seedlings establish in small rocky ledges in the cliff face directly into the shale and are exposed to salt spray from the sea and frequent subsidence. Plants growing on the top edge of the cliff are exposed to high winds and salt spray. Protection against generalist herbivores may thus not be required as they are unlikely to be important factors in this environment. In contrast, plants at St Aidheim's Head and Winspit are found in relatively sheltered grassland. Seedlings establish in dense grass, in contrast to those at Kimmeridge. It is likely that small rodents, rabbits and molluscs are major herbivores in this habitat and relatively more important than insects, as recently demonstrated for another temperate grassland site (Hulme, 1994 nigra, all of which may provide protection against generalist herbivores by making the plant community less attractive to opportunist grazers; Rubus providing physical protection against grazing by mammals and birds, and the secondary metabolites in D. carota (terpenes) and B. nigra (propenyl glucosinolate) making the plant community generally less palatable. Daucus carota is associated with wild B. oleracea populations at the majority of localities in the UK. Moreover, as the seedlings of both B. nigra and B. oleracea are morphologically similar, some generalist herbivores may associate B. oleracea seedlings with the pungency of propenyl isothiocyanate from B. nigra seedlings. The additional defences against herbivores provided by other species in the plant communities are examples of plant defence guilds (Atsatt & O'Dowd, 1976) and associational plant refugia (Pfister & Hay, 1988) .
In addition to deterring generalist herbivores, the abundance of B. nigra may result in the enhancement of the local population of Brassica specialist insects, which feed both on B. nigra and B. oleracea. It was noticeable in these populations that there was considerable herbivory on B. nigra by flea beetles, which can be attributed to its high levels of aliphatic glucosinolate (Table 1 ; Giamoustaris & Mithen, 1995) . The flea beetles were also observed to feed on B. oleracea. In commercial Canola production, flea beetles are a major cause of seedling death (Lamb et a!., 1991) , and may be important in determining seedling survival in the wild Brassica populations. Thus, this may result in additional selection in B. oleracea for individuals with low levels of aliphatic glucosinolates which would be less attractive to flea beetles and other specialist insects. The same selection pressures are likely to act upon B. nigra as B. oleracea, but there appears to be no genetic variation in B. nigra for alleles at the Gsl loci as all genotypes which have been studied have high levels of propenyl glucosinolates (R. Mithen, unpublished) .
Selection by specialist insects may also explain the differences in frequencies of alleles at the Gsl loci (Table 2) . It has been shown that the side chain structure of individual glucosinolates is important in mediating the interaction between crucifers and their specialist herbivores (Louda & Mole, 1991) .
For example, Psylliodes chiysocephala and Delia foralis respond less to 2-hydroxy-3-butenyl glucosinolate than to 3-butenyl glucosinolate (Simmonds et al., 1994; Giamoustaris & Mithen, 1995) . Likewise, Ceutorhynchus assimilis and P chiysocephala are less responsive to 2-propenyl glucosinolate and 2-propenyl isothiocyanate than longer chain homologues (Blight et al., 1989; Bartlet et al., 1994 Feeny, 1976) . This may explain how B. nigra is able to survive at Kimmeridge in spite of the heavy flea beetle population, and, in general, the relatively high frequency of taxa in the Brassicaceae which have rapid life histories, such as Arabidopsis, Capsella and
Coronopus.
